High-throughput screening for single nucleotide polymorphisms (SNPs) 
INTRODUCTION
In the post-genomic era, many highthroughput methods are available to screen for single nucleotide polymorphisms (SNPs) or mutations, including automated fluorescent sequencing, denaturing high-performance liquid chromatography (DHPLC) (21) , DNA microarrays (4, 10, 12) , single-strand conformation polymorphism-capillary electrophoresis (SSCP-CE) (19) , microplate-array diagonal-gel electrophoresis (MADGE) (7) and matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) (11) . Some of these techniques (DNA microarrays, MADGE, and MALDI-TOF) are more suitable for identifying known mutations, while others (automated sequencing, DHPLC, and SSCP-CE) can type both known and novel mutations.
The ideal high-throughput mutationscreening method should possess the following elements. It should be cheap, not requiring expensive equipment with high running and maintenance costs. It should be simple, no more complex than conventional electrophoresis. Finally, it must be fast. The above-mentioned technologies satisfy most of these criteria, but the high price tag is prohibitive to laboratories with limited budgets. However, to achieve highthroughput screening, such state-ofthe-art methods are not indispensable. Some traditional and inexpensive mutation identification technologies, such as conformation-sensitive gel electrophoresis (CSGE), are capable of achieving higher throughput on appropriate modifications of the protocols.
CSGE is a rapid and simple method for the detection of sequence variations in DNA fragments based on differences in the electrophoretic mobility of homoduplexes and heteroduplexes on semi-denaturing polyacrylamide gels (5, 9, 14) . It has been reported to detect more sequence alterations than SSCP analysis (17) . Recently, CSGE has been widely used for discovering novel SNPs and mutations in disease genes such as BRCA1 (2, 6, 17) and PTEN (1) in breast cancer, PLEC1in epidermolysis bullosa simplex with muscular dystrophy (3), TSC1and TSC2in tuberous sclerosis (15) , and METin familial renal oncocytoma (22) . We use CSGE in our laboratory to identify novel sequence alterations of TIGR/MYOCin primary open angle glaucoma (16, 18) .
One drawback of CSGE is its inability to detect homozygous sequence alterations because homoduplexes of different SNPs in the same PCR product usually display the same mobility (13) . This was tested by Ganguly et al. (9) by generating artificial homoduplexes of DNA fragments identical except for single base changes. Occasionally, some homozygous alterations generated homoduplexes with different mobilities from their wild-type counterparts (3, 21) . We have also found that homozygous sequence variants usually have the same mobility as their normal strands. Moreover, the traditional staining procedure requires the handling of large volumes of carcinogenic ethidium bromide solution. Here, we describe an improved high-throughput CSGE (HTCSGE) method for safe and reliable screening of both heterozygous and homozygous SNPs or mutations in a large number of DNA samples. By using HTCSGE, we can achieve a throughput of 1.3 samples/min, which is five times faster than DHPLC. HTCSGE is particularly suitable for laboratories that cannot afford the new expensive technologies but still need to achieve high throughput. This new method is simple to perform and is an improvement in speed over both traditional screening methods (such as SSCP) and new methods (such as DHPLC).
MATERIALS AND METHODS

CSGE and HTCSGE Gel Format, Sample Preparation, and Running
Model S2001 sequencing gel electrophoresis apparatus (Life Technologies, Rockville, MD, USA) was used. A standard 300 × 400 × 0.8 mm CSGE gel was prepared with 2.5 mL 20 ×TTE buffer, pH 9.0 (1.8 M Tris base, 4 mM EDTA, 0.6 M taurine), 37.5 mL 40% acrylamide, 15 mL formamide, 10 mL ethylene glycol, 33 mL water, 0.15 g 1,4-bis(acryloyl)piperazine (PDA crosslinker; Bio-Rad Laboratories, Hercules, CA, USA), 0.1% ammonium persulfate, and 70 µ L TEMED. A 0.8-mm 32-well square-tooth comb was used for standard gel preparation. For HTCSGE, the gel format is exactly the same as for standard CSGE, except the gel thickness and the amounts of the ingredients were decreased by half, and two halfwidth double fine sharkstooth combs of 0.4 mm thickness (Life Technologies) were used to facilitate the loading of 96 samples on one row. The gels were prerun in 0.5 ×TTE for 30 min at 25 W before sample loading. To prepare heteroduplexes for CSGE loading, 3 µ L each PCR product was mixed with 3 µ L loading dye (containing 0.25% bromophenol blue, 0.25% xylene cyanol FF, and 30% glycerol), denatured at 95°C for 5 min and annealed at room temperature for 1 h. For standard CSGE, the 6 µ L was loaded on a well, while, for HTCSGE, 1 µ L was loaded. A DNA ladder was loaded in the first lane to help track the orientation of the gel after staining. After electrophoresis at 40 W for 30 min for HTCSGE and 45 min for CSGE, another batch of samples was loaded. This was repeated until the loading was finished. After electrophoresis for 8.5 h (from the first loading) for seven loadings or 9 h for eight loadings, the gel was blotted on Whatman ® 3-mm paper for staining with 1 µ L SYBR ® Gold solution (Molecular Probes, Eugene, OR, USA) in 7.5 mL water. The staining solution was spread evenly over the gel surface for several minutes before exposure to UV light and documentation by a Bio-Rad ® Gel-Doc ™2000 System (Bio-Rad Laboratories).
HTCSGE Experiment
To test the loading capacity of HTC -SGE, a wild-type 386-bp TIGR/MYOC gene exon 1 product (16) with two of its SNP variants, -83(G→A) heterozygote and 47(C →T) heterozygote, were amplified by PCR and loaded on the gel in this pattern: -83(G→A) heterozygote, wild-type, 47(C →T) heterozygote. The same pattern was repeated 32 times to fill all of the wells. Figure 1 shows seven loadings.
Determination of Detection Limit for Homozygotes by Mixing
A range of ratios of homozygote to wild-type PCR products was analyzed by CSGE to determine the detection limit. Five sequence alterations were located in four different products of the TIGR/MYOCgene (16): -2084(A →G) in a 480-bp product, -1081(A→G) in a 500-bp product, -83(G →A) in a 386-bp product, and either 136(C →T) or 227 (G→A) in a 310-bp product. PCR products were prepared using 30 ng genomic DNA as template and were then mixed in homozygote:wild-type ratios of 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, or 1:64 before denaturation and annealing, followed by standard CSGE.
RESULTS AND DISCUSSION
High-Throughput CSGE
We used two half-width double fine sharkstooth combs of 0.4 mm thickness to increase the loading capacity of a CSGE gel. As a result, every row can accommodate 97 samples (96 test samples + 1 marker). The thickness of the gel was decreased by half to 0.4 mm. This increases the resolution of the bands and the mutation detection sensitivity of the gel. For DNA fragments of 350-500 bp, we could achieve at least seven loadings per run without such an overlap. This fits in well with usual CSGE practice because CSGE works 
a b
well for DNA fragments around 450 bp in size (14) . A HTCSGE gel with seven loadings is shown in Figure 1a , although up to eight loadings could be taken without a decrease in resolution (Figure 1b) . Loading more than eight samples in one lane might create an overlap of the first loaded samples with the residual PCR oligonucleotide primers from the last loading. Therefore, 672 (7 ×96) or 768 ( 8 × 96) samples can be analyzed on one gel loaded with seven or eight samples in one lane, respectively. Consequently, a throughput of 1.3 samples/min can be attained for seven loadings per gel and 8.5 h electrophoresis or 1.4 samples/ min for eight loadings/gel and 9 h electrophoresis. The throughput of DHPLC was recently reported as 0.25 samples/min (8) . Therefore, our HTCSGE format is five to six times faster than DHPLC.
HTCSGE is not fully automatic and is relatively labor intensive compared to automated high-throughput technologies. Since it does not require any special equipment other than conventional manual gel apparatus, it offers an alternative method for inexpensive high-throughput screening. Figure 2 shows that CSGE can detect heterozygotes of each of the five sequence alterations as a double band. Most homozygotes run as a single band at the same mobility as wild-types, with the exception of -1081(A →G) and perhaps 227(G→A). As expected, artificial heterozygotes, created by 1:1 or 1:2 mixtures of homozygotes and wildtypes, generated patterns of double bands indistinguishable from the natural heterozygotes. However, ratios of 1:4 or greater resulted in gradual diminution of the second band, which was still visible for all five sequence alterations at 1:8. It was discernible in two samples at 1:16 but not visible in any sample at a ratio of 1:64. Figure 3 illustrates the steps to detect both heterozygotes and homozygotes by CSGE. Homozygotes may be identified by pooling the homoduplex samples, performing CSGE, and sequencing the members of pools that give heteroduplexes. However, one may decide not to bother screening for homozygotes expected to be more rare than a certain threshold. At HardyWeinberg equilibrium, the frequency of homozygotes will be, for low frequencies, the square of half the frequency of heterozygotes. For example, for a threshold of 1 out of 1 0 000 samples, do not screen if the heterozygote frequency is less than 2%. Figure 2 heterozygotes (T) = 2 ͙ෆ M -2M. For example, if P = 5 and S = 5, then M = 4% and T = 32%; thus, it is more efficient to screen individually if T is greater than 32%. Homozygotes will not be detected in a pool if all of its samples are homozygotes. However, this will only occur with a frequency of M P , which is insignificant even for the most common polymorphism (0.1% for M = 25% and P = 5), unless P is only 2 or 3.
Detection of Both Homozygotes and Heterozygotes by Two-stage CSGE
This HTCSGE protocol is simple and easy. In short, just screen all the samples once and then screen the normal-appearing samples again (whether pooled or not). In contrast to SSCP, HTCSGE requires only one gel condition at room temperature to detect nearly 100% of sequence alterations (14) , and about 700 samples can be analyzed on one gel.
Ethidium bromide is the most commonly used staining reagent for the detection of DNA bands after gel electrophoresis. It also poses a health hazard to researchers. To improve safety, we used SYBR Gold DNA dye (20) , which is structurally similar to SYBR Green and has low mutagenicity. We also reduced the volume of staining solution to 7.5 mL/gel to decrease waste and cost. SYBR Gold is also more sensitive than ethidium bromide and is thus more suitable for DNA detection for CSGE.
We conclude that the new HTCSGE protocol is fast, robust, and versatile. It can reliably detect both heterozygotes and homozygotes and eliminates the use of hazardous ethidium bromide. Thus, HTCSGE is suitable for routine mutation screening.
